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Abstract 
 
This study aims to present and evaluate the use of solid-state processing for improving the mechanical properties of 
polyolefins. Isotactic polypropylene (i-PP) was selected to be studied due to its inferior mechanical properties in 
comparison to common plastics such as polyethylene (PET) and polyvinyl chloride (PVC). Recently, i-PP has 
garnered attention due to its attributes such as low-cost and recyclability. However, it requires additional processing 
to improve its mechanical performance. In this study, cryomilling was used to introduce various concentrations (0.2 - 
1 wt. %) of diparamethyldibenzyldiene sorbitol (MDBS), as reinforcing agent, into the i-PP polymer. X-ray diffraction 
(XRD) and differential scanning calorimetry (DSC) were used to characterize the structural and thermal characteristics 
of the generated blends. Compression molding was utilized to fabricate thin films, and subsequently subjected to 
tensile testing using a universal testing machine. Results from DSC indicate the ability of cryomilling to generate a 
homogenous blend by indicating an increase in the crystallization temperature. Moreover, results from the tensile tests 
showed an increase in tensile strength. The improvements in the mechanical properties of polyolefins with the addition 
of sorbitol-derivatives can be attributed to the reduction in the average spherulite size of the polymer. 
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1. Introduction 
Properties such as high stiffness, low density, and affordability among others have made i-PP a sought-after material 
in the fabrication of packaging products and consumer goods [1]. Nevertheless, inferior mechanical strength has been 
a barrier for the large-scale acceptance and utilization of i-PP [2]. Consequently, scientific research concerning the 
enhancement of i-PP’s properties has received significant attention over the last few decades. This paper focuses on 
the use of solid-state processing to blend i-PP and a sorbitol based reinforcing agent to improve the performance 
characteristics of the polyolefin. 
 
One of the common techniques to enhance the mechanical properties of i-PP involves the use of nucleating agents to 
alter the crystallization kinetics of the polymer. Enhanced mechanical properties, elevated crystallization temperature, 
and improved transparency are all common effects of altering crystallization kinetics. In recent years, the common 
goal to reduce overall operating costs has compelled plastics industries to invest in scientific studies to understand the 
relationship between structural and physical properties of polymers.  
 
Today, sorbitol-based derivatives have received significant attention and are now considered to be one of the most 
efficient nucleating agents available on the market [3]. MDBS, in particular, has been repeatedly studied owing to its 
superior nucleating capabilities. For instance, it has been reported that a 1 wt.% addition of MDBS elevated the 
crystallization temperature enabling the formation of crystals at higher temperatures which could increase productivity 
by reducing cycle times [4]. The ability of MDBS to induce drastic improvements in material properties even at low 
loading percentages has been a contributing factor to its widespread use. It has also been suggested that MDBS can 
have an impact on the morphology of the host polymer’s matrix, thereby contributing to the betterment of bulk 
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properties. For example, a study reported that the size reduction of spherulites caused by the addition of MDBS was 
responsible for improving the mechanical properties of i-PP [5].  
 
Despite having a deep understanding of nucleating agents and their working mechanisms, there are still some 
challenges that need to be overcome to develop efficient blending strategies. For instance, nucleating agents are often 
included in a polymer matrix by means of dissolution in a volatile solvent which could increase the overall costs due 
to costs associated with storage, transportation and disposal of solvents [4]. Moreover, the ineffective blending 
capabilities of conventional techniques can limit the concentrations of nucleating additives [6]. Cryomilling is one 
such technique that allows the grinding and mixing of particles at cryogenic temperatures without the use of solvents 
[7]. It has been used to fabricate multi-material systems and has shown promise in distributing a secondary phase 
uniformly in the matrix even at high concentrations [8]. This study aims to address the effect of cryogenic mixing on 
the mechanical properties of i-PP. 
 
2. Methodology 
 
2.1 Cryomilling of i-PP/MDBS Mixtures 
Powdered mixtures were generated via cryomilling of i-PP and MDBS. In this study, the MDBS concentration was 
varied from 0 to 1 wt. % in increments of 0.2 wt. % [9]. In a typical process, the samples were loaded into a 
polycarbonate vial and later into the freezer mill (6870; SPEX, Metuchen, NJ, USA) which was maintained at -196℃. 
The samples were cryomilled for 20 mins after 15 mins of precooling. 
 
2.2 X-Ray Diffraction  
XRD (Rigaku Miniflex 600 XRD, Tokyo, Japan) was used to evaluate the crystal structure of i-PP and MDBS mixtures 
due to cryomilling. Measurements were collected using a Cu target X-ray tube at 30kV and 15mA. Scanning was 
performed at 2𝜃 ranging from 3 to 80 degrees with steps of 0.02 degrees. 
 
2.3 Differential Scanning Calorimetry 
Thermal characterization of the powders produced was performed using differential scanning calorimetry (DSC) 
(Phoenix, NETZSCH Instruments, Burlington, MA, USA). In a typical measurement process, 8 mg of the sample was 
heated at 10 K/min to 220℃ before being subjected to an isothermal step at the same temperature and then cooled to 
50℃ at the same rate to erase the thermal history of the developed blends. In the second heating cycle, the samples 
were once again heated to 220℃. The first cooling cycle was used to identify the crystallization temperature of the 
mixtures. Since it allows for the direct comparison of materials (due to common thermal history), the second heating 
scan was used to compare the glass transition and melting temperatures of different blends. 
2.4 Compression Molding 
Cryomilled powders were molded into thin films in accordance with ASTM D882 for tensile testing. A benchtop 
laboratory press (Model #4386, Carver, IN, USA) was used to compress the specimens at 190℃ (slightly above the 
melting point). The powdered composites were pressed at 10 MPa and allowed to cool to room temperature [10]. The 
sample’s rectangular shape (65 x 15 mm) and small quantities of cryomilled powders made this a suitable method of 
fabrication due to its simplicity and low wastage [11]. 
 
2.5 Tensile Testing 
Tensile properties of the compression molded samples were determined with a Universal Testing Machine (Test 
Resources 800LE2 Series, Shakopee, MN, USA) by performing tensile tests. Five samples of each mixture were 
fabricated and measured to ensure dimensions met the 1:8 width to thickness ratio specified in ASTM D882. The 
measured cross-sectional area for the gage section and the measured load were used to calculate the tensile strength 
Strain was calculated using the crosshead position and the modulus of elasticity was then calculated using the 
calculated stress and strain values.  
 
2.6 Statistical Analysis 
Collected measurements of tensile stress, modulus of elasticity and strain were analyzed using RStudio (Boston, MA, 
USA). One-way ANOVA was performed to determine the statistical significance of the measurements with a 
designated Type I error rate of 0.05. Tukey’s multiple comparison test was then used on the stress and strain results 
to evaluate significant differences between the different ratios. 
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3. Results and Discussion 
 
3.1 X-Ray Diffraction Analysis 
Figure 1 shows the X-ray diffractograms of the cryomilled i-PP/MDBS mixtures. Pure i-PP showed characteristic 
peaks at 2𝜃 values of 13.6°, 16.3°, 17.4°, and 21°. The observed peaks are similar to the peaks reported in previous 
studies [12]. The peaks at 2𝜃 values of 13.6°, 16.3°, 17.4°, and 21° correspond to the (110), (040), (130) and (111) 
crystallographic planes, respectively. The positions of the diffraction peaks have been shown in past literature to be 
indicative of the d-spacing in the crystal lattice [12]. In this study, it was observed that the addition of MDBS via 
cryomilling had no effect on the positions of the i-PP peaks, suggesting no changes in i-PP’s crystal structure. 
Therefore, it was concluded that neither cryomilling or the addition of MDBS up to 1 wt% influenced the existing 
crystal structure of the i-PP. Past research have shown that the characteristic peaks of MDBS were not detected due 
to its presence in low concentrations [13] which is consistent with the results found in this study. 
 
 
 
Figure 1: X-ray diffractograms of cryomilled i-PP/MDBS mixtures 
 
3.2 Differential Scanning Calorimetry Analysis 
Figure 2 shows the cooling thermograms of the cryomilled i-PP/MDBS mixtures obtained from the DSC analysis, 
while Table 1 summarizes the raw data obtained from the heating and cooling scans conducted as a part of the analysis. 
It is immediately evident that there was a slight increase in the melting temperature from the 1st heating scan to the 
2nd heating scan. This increase in melting temperature is attributed to the effect of eliminating strain and thermal 
history on the composite as shown in past literature [14]. The crystallization temperature measured during the 2nd 
heating curve was used to assess the nucleating ability of the nucleating agent. It was observed that the crystallization 
temperature increased with the addition of 0.2 – 1 wt. % MDBS in the polymer matrix. It is well-known that the 
nucleating agents function as additional nucleating sites, facilitating the faster crystallization of the polymer melt and 
leading  to a reduction in cycle time [15].  Figure 2 shows the crystallization temperatures of the mixtures as a function 
of the concentration of MDBS in the polymer matrix. The crystallinity trend can be attributed to the reduction in 
spherulite size which induces secondary bonding with the addition of 0.2 – 1 wt. % MDBS which is consistent with 
the results from past literature. [16].  
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Figure 2: Cooling thermograms of cryomilled i-PP/MDBS mixtures 
 
Table 1: First and second heating scan data from DSC 
Wt.% MDBS Tm (1st) (°C) Tm (2nd) (°C) Tc (°C) ∆Hm (J/g) Crystallinity (%) 
0 165.8 164.6 117.3 29.4 14.1 
0.2 166 165.2 128.8 31.7 15.2 
0.4 166.8 165.5 128.3 34.8 16.7 
0.6 165.9 165.1 128.6 32.7 15.6 
0.8 166.6 165.9 128.6 33.6 16.1 
1 166.4 165.4 129 38.6 18.5 
 
3.3 Tensile Testing 
It is recognized that changes in mechanical properties differ with the blending methods of the i-PP and a sorbitol-
based reinforcing agent due to the varying resultant spherulite size [16]. Therefore, the effects of cryomilling as a 
mixing process was investigated to determine the extent to which this process improves the mechanical properties of 
the composite. The effect of MDBS content on composite’s tensile strength, strain, and modulus of elasticity is shown 
Figure 3 and Table 2. A significant increase in tensile strength was recorded with an average increase of 9% with the 
addition of MDBS compared to pure i-PP. The incorporation of 0.2 wt. % and 1 wt. % MDBS was found to have the 
most impact on tensile strength (Figure 3) which coincides with the composites higher crystallization temperatures 
(Table 1). Past research has shown that an increase in crystallization temperature led to an enhancement in tensile 
strength [16]. No statistical significance in tensile strength for 0.2 – 0.8 wt. % MDBS was reported (Figure 4), but a 
general increasing trend can be seen from 0 - 1 wt. % MDBS. 
 
This mechanical enhancement is expected due to the reduction in spherulite size which in turn increases the spherulite 
surface area induced by the nucleation upon MDBS addition as shown in past literature [9]. Past researchers have 
found that the reduction in spherulite size is known to increase tensile strength due to the induction of secondary 
bonding [17] and its effect on the lamellar thickness of the composite [18]. The addition of MDBS led to an average 
of 75% decrease in strain-at-break when compared to pure i-PP.  The extensibility (Figure 4) generally decreased with 
1 wt. % MDBS displaying lowest strain. The elongation-at-break for 0.2 – 1 wt. % MDBS did not display a significant 
difference (p<0.01) except for the comparison of 0.6 wt. % to 1 wt. % MDBS, while pure i-PP was significantly higher 
in strain (Figure 4). Smaller spherulites has been shown to reduce ultimate elongation study [17] which coincides with 
the strain data reported in this. As noted in literature, the tensile modulus was unaffected by the addition of MDBS, 
which is consistent with the results of this study [19].  
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Figure 3: Stress-strain curves obtained from tensile testing compression molded i-PP/MDBS films 
 
 
 
Figure 4: Box plot of tensile strength and strain data with statistical significance between the different mixtures 
 
Table 2: Tensile strength, modulus of elasticity and strain data from tensile testing 
Wt.% 
MDBS 
Tensile strength 
(MPa) 
Modulus of 
elasticity (MPa) 
Strain 
0.00 33.1 ± 0.7 1,109 ± 78 0.25 ± 0.02 
0.20 36.7 ± 0.7 1,419 ± 79 0.06 ± 0.01 
0.40 35.4 ± 0.3 991 ± 71 0.07 ± 0.01 
0.60 35.5 ± 0.5 1,211 ± 111 0.08 ± 0.01 
0.80 35.5 ± 0.7 1,157 ± 120 0.06 ± 0.00 
1.00 38.0 ± 1.0 1,901 ± 79 0.04 ± 0.00 
 
4. Conclusion 
This study demonstrated cryomilling as a viable mixing process for the plastic industries to integrate i-PP/MDBS 
composites into more applications that require lower malleability and higher strength in comparison to pure i-PP. 
The increase in tensile strength although significant is still lower than more common plastics, PET and PVC. 
Nevertheless, in certain applications that initially could not use i-PP due to its weak mechanical properties are 
now able to utilize its cheap cost and recyclability. Overall, the results justify further investigation into 
improvements of polyolefin and sorbitol mixing using solid-state techniques. Future investigation into the effects 
of cryomilling time on the morphology and mechanics of the blends could be useful in further enhancing i-PP’s 
performance characteristics. 
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